Fekete A, Sasser JM, Baylis C. Chronic vasodilation produces plasma volume expansion and hemodilution in rats: consequences of decreased effective arterial blood volume. Am J Physiol Renal Physiol 300: F113-F118, 2011. First published October 27, 2010 doi:10.1152/ajprenal.00478.2010 expansion is required for optimal pregnancy outcomes; however, the mechanisms responsible for sodium and water retention in pregnancy remain undefined. This study was designed to test the "arterial underfill hypothesis" of pregnancy which proposes that an enlarged vascular compartment (due to systemic vasodilation and shunting of blood to the placenta) results in renal sodium and water retention and PV expansion. We produced chronic vasodilation by 14 days administration of nifedipine (NIF; 10 mg·kg Ϫ1 ·day Ϫ1 ) or sodium nitrite (NaNO2; 70 mg·kg Ϫ1 ·day Ϫ1 ) to normal, nonpregnant female Sprague-Dawley rats. Mean arterial pressure, monitored by telemetry, was reduced by both NIF and NaNO2 but was unchanged in control rats. At day 14, vasodilator treatment lowered hematocrit and increased PV (determined by Evans blue dye dilution). Plasma osmolarity (Posm), sodium (PNa), and total protein concentrations all fell. These responses resemble the responses to normal pregnancy with hemodilution, marked PV expansion, and decreased P osm and PNa. Our previous work indicates a role of increased inner medullary phosphodiesterase-5 (PDE5) in the sodium retention of pregnancy. Here, we found that inner medullary PDE5A mRNA and protein expression were increased by both NIF and NaNO2 treatment vs. control; however, neither renal cortical nor aortic PDE5 expression was changed by vasodilator treatment. We suggest that a primary, persistent vasodilation drives increased inner medullary PDE5 expression which facilitates continual renal Na retention causing "refilling" of the vasculature and volume expansion. nifedipine; sodium nitrite; phosphodiesterase-5; sodium balance NORMAL PREGNANT WOMEN UNDERGO a progressive plasma volume expansion which begins in the first trimester, peaks near gestational week 32, and remains elevated until term (5, 12, 25) . The demands of fetal development require this increased circulating volume, and suboptimal plasma volume expansion is associated with complications of pregnancy and "small for gestational age" (SGA) babies (6). Plasma volume expansion also occurs during pregnancy in the rat and is the result of net renal sodium and fluid retention (2). In the rat, metabolic cage studies demonstrated a positive sodium balance predominately during late pregnancy (7). Furthermore, inhibition of volume expansion by restricting sodium intake in the rat compromises pregnancy close to term (24).
NORMAL PREGNANT WOMEN UNDERGO a progressive plasma volume expansion which begins in the first trimester, peaks near gestational week 32, and remains elevated until term (5, 12, 25) . The demands of fetal development require this increased circulating volume, and suboptimal plasma volume expansion is associated with complications of pregnancy and "small for gestational age" (SGA) babies (6) . Plasma volume expansion also occurs during pregnancy in the rat and is the result of net renal sodium and fluid retention (2) . In the rat, metabolic cage studies demonstrated a positive sodium balance predominately during late pregnancy (7) . Furthermore, inhibition of volume expansion by restricting sodium intake in the rat compromises pregnancy close to term (24) .
The mechanism of sodium and water retention in pregnancy remains a mystery. One hypothesis to explain this phenomenon suggests that pregnancy is an "underfill" state (30) . During pregnancy, there is an early systemic vasodilation that is combined with later placental arteriovenous shunting resulting in an enlarged vascular compartment. According to the "arterial underfill" hypothesis, the renal sodium retention of pregnancy represents an effort to "refill" the vasodilated vasculature. Therefore, this study was designed to determine whether chronic vasodilation in normal virgin female rats elicits plasma volume expansion and hemodilution similar to the changes that occur during normal pregnancy.
We previously reported that the activity and abundance of the cGMP-degrading enzyme phosphodiesterase-5 (PDE5) are selectively increased in the inner medullary collecting duct (IMCD) in normal pregnancy (23) . In IMCD cells isolated from pregnant rats, there is blunting of the cGMP response to both atrial natriuretic peptide (ANP) and a nitric oxide (NO) donor (sodium nitroprusside), and this is normalized by inhibition of PDE5 (23, 29) . We suggest that this increased inner medullary PDE5 inhibits all cGMP-mediated natriuretic responses, contributing to the volume expansion of normal pregnancy. In this study, we therefore also determined the effect of chronic vasodilation on the expression of PDE5 in the kidney and aorta of female rats to determine whether the underfill signal is responsible for the increase in inner medullary PDE5 abundance.
METHODS
All experiments were performed using female Sprague-Dawley rats (3-5 mo old; body wt: 245 Ϯ 8 g; n ϭ 8; Harlan Laboratories, Dublin, OH) in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved and monitored by the University of Florida Institutional Animal Care and Use Committee. Rats were anesthetized with isoflurane (IsoFlo; Abbott Laboratories, North Chicago, IL), and telemetry transmitters (Data Sciences, St. Paul, MN) were implanted in the left femoral artery with the transmitter housed in the abdomen and attached to the abdominal wall according to the manufacturer's specifications. Rats were allowed to recover from surgery and returned to individual housing for 7 to 10 days before initiation of data acquisition. Arterial pressure waveforms were recorded continuously for 5 min every 30 min as described (28) .
After baseline measurements of blood pressure (BP) were obtained, chronic vasodilation was produced by treating the rats for 14 days with either nifedipine (NIF; calcium channel blocker, 10 mg·kg Ϫ1 ·day Ϫ1 via diet; Sigma) (20) or sodium nitrite (NaNO2; 70 mg·kg Ϫ1 ·day Ϫ1 via drinking water; Sigma) (34) . All rats received a gel diet containing all required nutrients and was made by dissolving 400 g of normal rodent chow (Harlan) and 9.75 g of agar (Becton Dickenson) in 450 ml of water. All rats received water ad libitum in addition to the water in the gel diet.
On day 14, each rat was weighed, and an acute experiment was performed to determine plasma volume (PV). Rats were anesthetized with isoflurane and placed on a heated table to maintain body temperature at 37 Ϯ 1°C. The right femoral artery and vein were cannulated with PE-50 tubing, and an arterial blood sample was collected for determination of hematocrit, plasma sodium and protein concentrations, plasma osmolarity, and a "blank" for Evans blue measurement. Then, exactly 250 l of Evans blue solution (0.3 mg/ml; Sigma) were injected into the venous line. An additional 200 l of isotonic saline were also injected to ensure that all Evans blue was delivered to the rat. After 5 and 10 min, 300-l blood samples were collected for Evans blue measurement. At the end of the experiment, the aorta and kidneys were removed, and the kidneys were separated into cortex and outer and inner medulla. Tissues were snap-frozen in liquid nitrogen and stored at Ϫ80°C.
Plasma osmolarity was measured using a VAPRO Vapor Pressure Osmometer (Wescor). The concentration of Evans blue in the plasma was measured on a Tecan Safire optical system (Tecan) at 620 nm, and the PV was calculated from the quantity of dye injected: concentration of dye in plasma. Sodium and potassium concentrations were measured on a flame photometer using cesium as the internal standard (1:100 dilution of sample in 1.5 mmol/l CsCl solution; Instrumentation Laboratory). Plasma renin activity (PRA) was measured using a commercially available RIA kit (DiaSorin, Stillwater, MN).
RT-PCR reaction. All reagents, enzymes, and isolation kits were purchased from Qiagen Sciences. Total RNA extraction and firststrand cDNA synthesis were performed as previously described (11) . PCR was performed in PCR buffer, 2 mM MgCl 2, 2 mM dNTPs, 1.5 U Ampli Taq DNA polymerase, and 0.5 M different PDE5A primers: forward (F): 5=-cgc cgc tgt cgc tgg gtc tgg ag-3=; reverse (R): 5=-ggc ggc cct tgt gtc tgg tga tgg-3= (product length: 327 bp); PDE5A1: F: 5=-acg atc act ggg act tta cct tct c-3=; R: 5=-gag tttga gca ctg gtc ccc ttt-3= (346 bp); PDE5A2: F: 5=-atg ttg ccc ttt gga gac aaa ac-3=; R: 5=-gag tttga gca ctg gtc ccc ttt-3= (332 bp); PDE5A3: F: 5=-tgt ggc ctc tga tac ctt cc-3=; R: 5=-tgt ggc ctc tga tac ctt cc-3= (101 bp); PDE5A4: F: 5=-atg gcc aag caa atg gtc ac-3=; R: 5=-gag cag caa aaca tgc tgc act ga-3= (321 bp). The amplification profile consisted of denaturation at 94°C for 15 s, annealing 58°C for 15 s, and extension 72°C for 30 s for 33 amplification cycles. PCR products were analyzed on 2.5% agarose gel stained with ethidium bromide. The complementary DNA samples were also used to generate glyceraldehyde-3-phosphate dehydrogenase (GAPDH) PCR products which were used as internal control. GAPDH forward and reverse primers were as follows: F: 5=-ggt gaa ggt cgg agt caa cg-3=; R: 5=-ctc atc gcg ctt gcc agt g-3= (product length: 496 bp). The amplification profile was the same as by PDE5A with a modification of annealing temperature to 55°C.
Western blot analysis. Protein abundances were detected using Western blotting as previously described (38) . Briefly, samples (200 g of kidney cortex, 100 g of inner medulla or outer medulla, and 140 g of aorta) were loaded on 7.5% polyacrylamide gels and separated by electrophoresis. Membranes were incubated overnight with a specific antibody for PDE5A (H-120, 1:500 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) and then incubated with a corresponding anti-rabbit IgG secondary antibody (1:8,000 dilution; Santa Cruz Biotechnology). Bands of interest were visualized using enhanced chemiluminescence reagent and quantified by densitometry (VersaDoc imaging system and Quantity One Analysis software; Bio-Rad) as integrated optical density (IOD) after subtraction of background. The IOD was factored for Ponceau red staining (Sigma) to correct for any variations in total protein loading and for an internal positive control (rat lung). The protein abundance was represented as PDE5 IOD/Ponceau red/ positive control.
Statistical analysis. The data were analyzed on STATISTICA.6 software (StatSoft). Data are presented as means Ϯ SE. For multiple comparisons, ANOVA was used with Dunn's multiple comparison test. Mean arterial pressure data were compared using two-way repeated-measures ANOVA with Dunn's posttest. Criterion for significance was P Ͻ 0.05 in all experiments.
RESULTS

BP.
Mean arterial pressure (MAP) as measured by telemetric recording in conscious, freely moving rats was reduced by both NIF and NaNO2 (Fig. 1) . Control (CON) rats maintained a constant MAP over the 2-wk treatment period. NIF and NaNO2 resulted in an early drop in MAP vs. CON by day 2 * * Fig. 1 . Percent change in mean arterial pressure (MAP) as measured by telemetry in control (CON), nifedipine (NIF)-, and sodium nitrite (NaNO2)-treated female Sprague-Dawley rats (n ϭ 7) during the 14-day treatment period. *P Ͻ 0.05 vs. CON from day 2 through day 13. that was maintained through day 13 of treatment. The average falls in MAP over the 2-wk period were 6.7 Ϯ 1.5% in NIF and 7.6 Ϯ 1.8% in NaNO2-treated animals vs. baseline MAP levels.
Plasma measurements. PV was increased by NIF treatment, and NaNO2 resulted in an even greater increase in PV (Fig. 2) . As shown in Table 1 , both vasodilator treatments lowered hematocrit (Hct), plasma protein and sodium concentration, Fig. 3 . Representative gels (A) and phosphodiesterase-5 (PDE5A; B), PDE5A1 (C), and PDE5A2 (D) mRNA expression in kidney cortex, outer medulla, and inner medulla of CON, NIF-, and NaNO2-treated female Sprague-Dawley rats after 14-day treatment (n ϭ 7). *P Ͻ 0.05 vs. CON. #P Ͻ 0.05 vs. respective cortex. $P Ͻ 0.05 vs. respective outer medulla. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
and osmolarity. The falls in Hct and plasma sodium with NaNO2 treatment were greater than the effect observed with NIF treatment. Plasma potassium was not changed by either treatment. In a subset of CON and NaNO2-treated rats, PRA was not different after 14 days of treatment (CON ϭ 6.1 Ϯ 1.3, NaNO2 ϭ 4.7 Ϯ 0.4 ng·ml Ϫ1 ·h Ϫ1 , P ϭ 0.34, n ϭ 6). PDE5A mRNA and protein expression. Both NIF and NaNO2 increased total PDE5A mRNA expression in the renal outer and inner medulla (Fig. 3A) . No change in PDE5A mRNA expression was observed in the renal cortex or in the aorta. Furthermore, we found that PDE5A mRNA expression was less abundant in renal cortex than in the medulla and higher in the inner medulla than in the outer medulla, independent of the treatments (Fig. 3B) . Using primers specific for the PDE5A1 isoform, we found a similar pattern (Fig. 3C) , with the exception that NIF did not increase PDE5A1 expression in the inner medulla. PDEA2 mRNA levels did not differ among groups, and expression levels were similar in the three kidney regions (Fig. 3D) . We did not detect the transcript for either PDE5A3 or PDE5A4 isoforms in any of the three regions of the kidney. Protein abundance of PDE5A followed the expression of PDE5A mRNA levels in that PDE5A protein levels were increased by both NIF and NaNO2 in the renal inner medulla (Fig. 4) . NaNO2, but not NIF, treatment also increased renal outer medullary PDE5A abundance. Neither renal cortical nor aortic PDE5A protein abundance was changed by vasodilation.
DISCUSSION
The main findings of this study are that chronic vasodilation in normal female rats, achieved with two distinct vasodilators, results in PV expansion, hemodilution, and falls in plasma osmolarity and sodium concentration. These changes closely resemble the responses in normal pregnancy. We also found that these changes are accompanied by an increase in renal medullary PDE5 mRNA and protein expression, similar to the changes in PDE5 protein abundance we previously observed in normal pregnant rats (23) . Therefore, these data suggest that a primary underfill signal causes an increase in renal inner medullary PDE5, leading to loss of tubular natriuretic responses. It is remarkable that the kidney adapts during chronic vasodilation to diminish natriuretic signaling, thereby protecting the animal from hypotension. This facilitates continued renal sodium retention and volume expansion to "refill" the vasculature and may reflect the mechanism of PV expansion during normal pregnancy.
During normal pregnancy in both women and rats, there is a significant PV expansion due to net renal sodium retention (2, 6, 12, 25) , and failure of volume expansion is associated with pregnancy complications and SGA babies (6, 12) . In rats, sodium restriction during the last week of pregnancy results in reduced maternal PV and growth-restricted pups (24, 27 ). While we know that PV expansion is required for optimal pregnancy outcomes, the mechanisms responsible for these changes in maternal volume homeostasis during pregnancy remain unknown.
One potential explanation for the renal sodium retention and PV expansion of pregnancy was suggested by Schrier (30) . He posits that the renal sodium retention of normal pregnancy results from a primary "underfill" signal, driven first by peripheral vasodilation and later by opening of the uteroplacental "shunt". It is notable that despite the marked increase in PV during normal pregnancy, BP decreases significantly during pregnancy in women and late in gestation in rats due to a major reduction of peripheral vascular resistance (2, 5, 13, 33) . In fact, a fall in peripheral resistance and PV expansion is seen as early as 6 wk after conception in normal women (5). Unfortunately, there have been no studies to date which clarify the Fig. 4 . PDE5A protein level in kidney cortex, outer and inner medulla, and aorta of CON, NIF-, and NaNO2-treated female Sprague-Dawley rats after 14-day treatment (n ϭ 7). Pos Cont, positive control (rat lung homogenate). *P Ͻ 0.05 vs. CON.
sequence of these events earlier in pregnancy. The present study gives some insight; however, since we find that a primary, persistent widespread peripheral vasodilation causes a PV expansion. The specific vasodilatory signal is apparently unimportant since we observe PV expansion secondary to both calcium channel blockade and NO-dependent vasodilation. In addition to cumulative PV expansion due to renal sodium retention during pregnancy, there is also an excess of water retention, leading to falls in plasma osmolarity and complex resetting of both osmotic and nonosmotic AVP release (15, 32) . We also observed falls in plasma osmolarity in the present study, suggesting that both the sodium and water retention of normal pregnancy are driven by primary, persistent vasodilation. In this study, we did not observe an increase in PRA after 2-wk treatment with NaNO2, possibly because the vasculature was somewhat "refilled" after 14 days of chronic vasodilation, and therefore the initial signaling mechanisms could no longer be detected. However, our findings do not exclude a continuing role of the renin-angiotensin-aldosterone system (RAAS) in the sodium retention secondary to vasodilation. It is possible that chronic vasodilation induces changes in systemic or local angiotensin concentrations independent of changes in PRA, and there could also be changes in the sensitivity of the angiotensin II receptors in the kidney. The sodium transporters that are targets of the RAAS may also undergo adaptive changes to facilitate continued sodium retention, although these possibilities remain to be explored.
The cause of the systemic vasodilation of pregnancy remains obscure and endothelial factors, angiotensin 1-7, VEGF, and relaxin have all been implicated (19, 35) . However, the renal vasodilation in the pregnant rat is certainly due to increased renal NO production (3, 4, 8 -10) . This makes the renal sodium retention of pregnancy particularly difficult to explain, given the potent natriuretic action of NO in nonpregnant animals (1, 26) .
Our previous studies in normal pregnancy suggest a mechanism that allows the kidney cortex to vasodilate to NO while becoming unresponsive to the tubular actions in medulla. Specifically, we observed an increase in inner medullary PDE5 protein abundance and activity in normal pregnancy with no change in the renal cortex (23) . Since NO (and ANP) signal through cGMP, this allows a cGMP-dependent renal vasodilation to persist while specifically inhibiting the cGMP-dependent natriuresis. This is consistent with our previous observations that the pregnant rat is refractory to the natriuretic actions of ANP (17) and exhibits a blunted acute pressure natriuresis (which is mediated by NO) (16, 18) . We also reported that intrarenal PDE5 inhibition will restore the natriuretic effect of ANP and NO in pregnant rats (14, 29) , further supporting a role for increased medullary PDE5 in the sodium retention of pregnancy. Overall, this selective blunting of the normal cGMP-dependent natriuretic influences, together with an underfill-activated renin, angiotensin, aldosterone system (30, 32) will allow the sodium-retaining influences to predominate and cumulative PV expansion to occur. In this study, we found that chronic treatment with either NIF or NaNO2 increased PDE5 expression. Because these two agents have distinct mechanisms of action, it is likely that the change in PDE5 expression is secondary to the chronic vasodilation rather than a specific effect of either agent. Future studies are needed to investigate the pathways involved in this upregulation of PDE5A1 and how this is related to the initial underfill signal that occurs as a result of the systemic vasodilation during both pregnancy and other states of arterial underfill.
In addition to increasing our understanding of the sodium and water retention of pregnancy, this work also has important implications in edematous disorders such as cirrhosis, heart failure, and nephrotic syndrome. These patients are also thought to have a decreased effective blood volume, and therefore the pathological sodium and water retention in these conditions could also be secondary to arterial underfill (31) . Animal models of cirrhosis and nephrotic syndrome also exhibit an increase in inner medullary PDE5, similar to what is seen in normal pregnancy (21, 22, 36, 37) . Therefore, we propose that in both healthy pregnancy and in disease states, systemic arterial vasodilation stimulates inner medullary PDE5 expression and promotes sodium and water retention to allow PV expansion and "refilling" of the arterial vasculature.
